Nd-YAG pulsed laser was applied to the rapid oxidation of stainless steel to form a Cr 2 O 3 protective film. Different metal oxide formed by the irradiation of the Nd-YAG pulsed laser. Cr 2 O 3 film can form on the stainless steel when the scan velocity was controlled correctly. Different metal oxide growth mechanisms of the laser oxidation and the annealing oxidation in the oven were discussed. The oxidation reaction rate and the sequence of metal elements in stainless steel with oxygen under the laser irradiation were studied respectively. The lattice diffusion and short-circuit diffusion are the main mechanism of the annealing oxidation in the oven.
Introduction
For the last two decades of study and development, many oxide films have been found to serve various functions of their applications. Recently much attention is paid to fabricate novel oxide films from metal films by direct oxidation processes. PdO 2 from Pd metal film oxidation in O 2 is expected to be field emitter array for vacuum microelectronic devices, 1) Cr 2 O 3 film is expected to be a native oxide on Cr coated substrate as protective layer in non-photolithographic study.
2)
The laser surface treatment of metallic materials has received great attention 3) and presents advantages in relation to the conventional treatment. By means of laser treatment of stainless steel, a wide range of microstructure can be obtained. When metals and alloys are treated by laser in air, it is possible for a surface oxidation process to occur. The formed oxide film can change the surface structure and properties of the treated material such as mechanical, corrosion properties and some optical properties. This can be followed by a significant change of the interaction conditions between the laser beam and the treated material. 4) Stainless steel has been widely used for its good mechanical properties and unique corrosion resistance. There are still some outstanding issues even though stainless steel has been well known for many years. A good protective film can also be produced by thermal oxidation. 5, 6) Many research works have been carried out on the oxidation behavior of Fe-Cr alloys, stainless steels and iron at high temperature in O 2 atmospheres. In the surface oxidation process of the material, thermodynamic phase stability is very complicated since the stainless steel contains many constituents. The effects of each element in the passive process are uncertain due to the lack of in situ analysis methods and complexity. After Carl Wagner derived the theory for high temperature oxidation of metals, some of transition metal oxide system became subject of intensive research.
In the present paper, Nd-YAG pulsed laser was applied to the rapid oxidation of stainless steel. Cr 2 O 3 film can form on the stainless steel when the scan velocity was controlled correctly. Morphology study showed that it has strong difference between the laser rapid selective oxidation and the annealing oxidation in the oven. Different growth mechanisms that showed different evolution of surface morphology were discussed. They relate to not only the surface stress regime but also the oxidation mechanism and crystal structure.
Experimental Procedures
The investigated material is the AISI 329 stainless steel and the chemical composition is given in Table 1 . The stainless steel was mounted on a computer-drivering X-Y stage to allow their displacement under the laser beam with pre-set scan velocity (0.4 mm/s and 0.2 mm/s) and frequency 1 Hz to increase the irradiation area. Treatments were carried out in air using a Nd-YAG pulsed laser irradiation (1.064 mm). The laser beam with energy density 2.64ϫ10 600°C. Prior to the oxidation the specimens were polished with SiC paper with different grades of roughness in the 500-2400, followed by cleaning in deionized water. Ultrasound in ethanol was used to degrease the specimen surface.
The surface morphology and crystallographic structure were studied with scanning electron microscope with an energy dispersive analyser (SEM/EDS) and X-ray diffractometry (XRD) (Cuka was used). When the laser energy density was 2.64ϫ10 9 W/m 2 , the oxygen could be incorporated into the stainless steel and it was oxidized. Using the Nd-YAG pulsed laser irradiation, the laser beam has a Gaussian energy repartition and thermal effects are expected at the irradiated surface.
Results and

7)
Therefore, we found different morphology on the different area from the center to the margin of the Gaussian spot. The energy distribution of Gaussian spot was shown in There is a strong relation between the oxidation kinetics and the oxide morphology, as the morphology (Fig. 2) also changes with power. There were four typical surface morphologies on the laser spot from the center to the margin of the spot which were proved to be the oxides of the various metals in the stainless steel according to EDS (Fig. 2) . The surface appeared the small hillocks in the center of the spot (Fig. 3) . Compression stress development in the whole film led to extrusion of grains that was the reason that multiple appearances such as hillocks morphology formed. Figure 4 was the surface morphology of the dendrite and cellular structure around the small hillocks due to different solidification conditions. In an alloy system, the freezing front develops curvature due to surface tension. There could also be dendrite and cellular growth at the solid-liquid interface. Then around the dendrite and cellular structure, the surface morphology (Fig. 5) showed crack-free short plateau-like oxide films formed. However, at the margin of the Gaussian spot, the surface appeared the polygonal planar structure (Fig. 6) which was proved to be Cr 2 O 3 by the EDS analysis.
As a general consideration, it can be concluded that after the laser treatment in O 2 atmospheres, several metal oxides include Cr 2 O 3 , Fe 2 O 3 , FeO, and MnO 2 formed on the stainless steel surface according to the X-ray diffractometry (Fig. 7) . The intensity of Cr 2 O 3 was low because the film thickness was very thin. The thin film thickness is difficult to measure by the instrument in our experiment because there is not apparent boundary among the oxides due to the complicated oxidation process. However, at the margin of the Gaussian spot the EDS peak intensity of Cr 2 O 3 increased sharply higher than that of the Fe 2 O 3 compared to the original stainless steel according to Fig. 6 . It is resulted that Cr 2 O 3 with hexagonal structure (gϭ120°) will grow along certain crystallographic planes. Figure 8 was the SEM morphology of cross sectioned specimens of laser oxidation and annealing oxidation in the oven. Their EDS line-scanning analysis was also given. We can see that the iron oxide was so small that we can conclude that the main oxide is Cr 2 O 3 on the surface of the stainless steel after the laser oxidation. If we decrease the pre-set scan velocity to 0.2 mm/s, the laser spots will be overlapped, and the other oxides can be covered. Then the Cr 2 O 3 film with the typical polygonal planar structure will be obtained more homogeneously in the whole surface of the stainless steel (Fig. 9). striking differences as compared to classical thermal treatments of metals. We believed that the laser oxidation was a transient non-equilibrium thermodynamics oxidation mechanism. For the laser rapid oxidation, pulsed laser duration was so short that photothermal oxidation produced during 10 ms. The approximate time for the interaction of the laser and the stainless steel is 20 ms. The stainless steel makes contact with the air at the surface from where the oxygen is transferred into the growing oxide. The activity of oxygen is thereby largest at the surface and becomes lower in a deeper region of the oxide. Oxidation was only found within the thin surface of stainless steel. The oxidation time of the surface was considered to be 20 ms. In this case, the rate of oxidation depends on the mass transfer rate of oxygen from the gas phase to the surface, the chemical rate of oxidation of the surface, and the diffusion of oxygen from the reacting surface to the interior of the stainless steel.
Laser Transient Non-equilibrium Thermodynamics Oxidation Mechanism
Metallurgical thermodynamics are considered in detail. 8) In this context we are primarily interested in gas-metal reactions of the form:
The standard Gibbs free energy change at temperature T, DG T 0 is defined as the difference between the sum of the Gibbs free energies G T 0 of the products in their standard states and the sum of the Gibbs free energies of the reactants in their standard states:
The superscript 0 is used here to show that the free energies refer to standard conditions, namely one atmosphere pressure of oxygen and the substances in standard states. The products are thermodynamically stable, and the reaction is able to proceed, if DG T 0 Ͻ0. Figure 10 shows plots of DG T 0 for oxidation of several metals, taken from standard reference tables, 9) which give the free energy change for the formation of binary metal oxides directly.
At the surface with the highest oxygen activity, MnO 2 and Cr 2 O 3 will flow to the margin of the laser spot. Then in the center, the oxidation time was long enough and Fe will continue reacting with oxygen to form iron oxides. Therefore, at the very short time tϭ20 ms, the iron oxides formed in the center and the oxide composition was mainly Cr 2 O 3 at the margin of the laser spot (the amount of SiO 2 , MnO 2 was much smaller than Cr 2 O 3 ).
When the laser spots were overlapped, the Cr 2 O 3 film can still be obtained at the margin of the laser spot. The power density of the used laser beam is Iϭ2.64ϫ10 9 W/m 2 and according to the simulation results, 11) this surface temperature 2 613°C is comparable with the energy which can cause surface melting or ablation for most of the metals, their alloys and oxides. The stainless steel surface iron oxides formed by the previous laser irradiation oxidation will melt and the surface will proceed to be oxidized by the high energy density laser beam to form new Cr 2 O 3 film flowing to the margin of the molten pool in another 20 ms of laser irradiation. Therefore, we can decrease the scan velocity to cover the iron oxides in the center to obtain the Cr 2 O 3 film on the whole surface of the stainless steel.
Chromium oxides were preferentially formed at grain boundaries.
12) Diffusion of Cr in oxide layers is considered to be rate control process of oxidation of stainless steels. These lower activation energies for stainless steel may result not only from the effect of alloying but also from geometrical effect, e.g. grain size. SEM and EDS indicated that oxides along grain boundaries included a large amount of Cr and Si. Consequently, it can be said that Cr-oxide plays the predominant role in the barrier function.
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Oxidation Mechanism of Stainless Steel Annealing Oxidation in the Oven
Comparison experiments were conducted to find different mechanism between laser oxidation and oxygen annealing. After 2 h oxygen annealing at 600°C, the surface morphology of the oxidation layer was shown in Fig. 11 . The surface did not melt; therefore, the oxidation mechanism will be related to a diffusion-controlled oxidation mechanism. Oxidation in the temperature range above 1 100°C is concluded to be parabolic. 13) As the temperature of oxidation decreases, the kinetics gradually changes into a subparabolic behavior.
14) The reaction path is normally decided by a diffusion property of the reactant materials and the reaction products. Here, we discuss the chemical reaction path based on the diffusion property. The chemical potential for oxygen gradually decreases from the surface toward the inside along the reaction path; in contrast, those for metals gradually decrease from the inside toward the surface. Mass transfer for the oxygen thus occurs from the surface toward the inside while the mass transfer for the metals oppositely occurs from the inside toward the surface.
In general, a diffusion coefficient depends on the content of defects, microstructure, etc. It is well known that a diffusion coefficient for Fe is much higher than that for Cr in the spinel-type structure. 15) Thus we assume hereafter that, in the oxide, the intrinsic diffusion coefficient for Fe is much high than that for Cr; in addition, Ni take an intermediate value. Based on this assumption, the following diffusion processes are conjectured (1) Fe can diffuse to the surface. (2) Ni diffuses in a similar way to Fe. Although Ni can reach the surface, the amount is much smaller than that of Fe because of its smaller diffusion coefficient. Because of the very small diffusion coefficient of Cr, the diffusion stops at the sub-layer, so the phase near the surface cannot involve Cr.
Therefore, for the low temperature growth, growth is slowly and mixture diffusion (lattice diffusion and shortcircuit diffusion) is the main mechanism in growth. The crack-free short plateaus-like Fe 2 O 3 film with grain size about 60-100 nm were obtained by annealing oxidation in the oven.
Conclusion
Different growth mechanisms of the laser oxidation and the oxygen annealing were discussed. Cr 2 O 3 film can form on the stainless steel by the rapid laser oxidation when the laser scan velocity was controlled correctly. Laser transient non-equilibrium thermodynamics was used to explain the laser oxidation mechanism. The lattice diffusion and shortcircuit diffusion are the main mechanism in oxygen annealing growth. The crack-free short plateaus-like Fe 2 O 3 film with grain size about 60-100 nm can be obtained by oxygen annealing at 600°C. 
